In this paper, we have used the finite element micromagnetism theory to simulate the magnetization (M) reversal behaviors of cobalt nanotubes with different lengths (L = 400, 600, 800 and 1000 nm). The inner radius and outer radius of nanotubes are 50 nm and 100 nm respectively. The simulation results show that all the nanotubes exhibit significantly anisotropic behaviors: the easy magnetization axis is along the longitudinal direction. The coercivity values are found dependent on the dimensions of Co nanotubes. For the nanotube with a length of 400 nm, M reversal processes along the Z axis starts from the inner wall and propagates from the inside toward the outside. However, for other nanotubes, M reversal processes start from both ends of nanotubes. When the magnetic field (H) is applied along the hard axis, magnetic moments gradually change their directions into the opposite directions. The variations of the total Gibbs free energy have been calculated to support the observed differences in reversal processes.
INTRODUCTION
Nanostructured magnetic materials are widely studied due to their special properties, such as random anisotropy scaling, remanence enhancement, micromagnetic localization, 1 and their potential applications in spintronics, 2 ultra high density magnetic recording media, 3 and electromagnetic wave absorbers. 4 On many occasions, the applications of magnetic nanostructured materials need to understand their magnetization reversal processes. The development of ultrahigh density magnetic storage media and magnetoelectronic devices requires a precise understanding of the M reversal process. 5 For instance, it is crucial to understand the nano-sized hard magnetic materials with high coercivity. 6 Currently, it is widely believed that micromagnetism simulation is a good tool to investigate the magnetic moments distributions during the reversal process, to obtain the magnetic hysteresis loops, and to gain insights on the dynamic response of a magnetic system when applying an external magnetic field. [7] [8] Magnetic nanowires have been widely fabricated and studied on their domain structures, magnetic hysteresis behaviors (such as, coercivity, remanance). Micromagnetism simulation has been successfully adopted to study these properties. [9] [10] However, magnetic nanotubes seldom have been studied. Due * Author to whom correspondence should be addressed.
to their hollow structure, magnetic nanotubes might have some interesting properties. In this paper, we have used a 3D numerical micromagnetism model with tetrahedral finite elements with a constant edge length of 1 nm to study the dependence of magnetic properties on the dimensions of Co nanotubes.
MICROMAGNETISM THEORY
Micromagnetism is a continuum theory to describe magnetization processes on a significant length scale which is large enough to replace atomic magnetic moments by a continuous function of position and small enough to reveal the transitions between magnetic domains. 11 For a magnetic system, its total magnetic Gibbs free energy are composed of four parts: exchange energy, demagnetization energy, magnetocrystalline energy and Zeeman energy. The minimization of total energy is subjected to a constraint J = J s (i.e., the saturation magnetic polarization), and denotes that the magnetic system reaches a metastable equilibrium state. For static simulation, the magnetic hysteresis is the way the system follows its path through the local minima of total energy landscape. The finite element method is a highly flexible tool to describe magnetization (M) processes. A key part in micromagnetic simulation is the calculation of the demagnetization field arising from the interaction of the magnetization with the element geometry, and this field determines the formation of domain structures in large elements, and is crucial for the magnetization reversal process. The partial differential equations for the magnetic scalar potential define an open boundary problem. The potential or its normal derivative is only known at infinity. One has to mesh a wide region outside the magnetic system in order to account for the boundary conditions at infinity. In order to overcome these problems, various techniques to treat open boundaries in finite element simulations have been proposed. In this paper, we adopt a hybrid finite element/boundary element method to calculate the scalar potential on every node point of finite element mesh. [12] [13] 
RESULTS AND DISCUSSION
In this paper, we use the micromagnetism theory to simulate the M reversal behaviors of cobalt nanotubes with different lengths (L = 400, 600, 800 and 1000 nm). The inner radius and outer radius of nanotubes are 50 nm and 100 nm respectively. The simulation results show that the all the Co nanotubes show a strong anisotropy: the easy magnetization axis is along the longitudinal direction (z axis, see Fig. 1 ). The coercivity values measured along the easy axis are dependent on the dimensions of Co nanotubes, as shown in Figure 2 . When the length is less than 800 nm, the coercivity is linearly increasing with the length. As the length is longer than 800 nm, the coercivity no longer depends on the length. Applying the external magnetic field along the x axis, no hysteresis loops (H c = 0 kA/m) have been observed for all nanotubes, as shown in Figure 1(b) . In order to clearly illustrate the reversal process of magnetization, we have chosen the nanotube with a length of 400 nm to study the magnetization distribution at different reversal stages indicated as A, B, and C points on the M-H loop in Figure 1 . At the "A" stage, M/Ms is equal to 1, all the magnetization are aligned along the +z direction, see Figure 3 (a). At the "B" stage, M/Ms is about 0.98, the magnetic moments are near the critical moment of switching from +z direction to −z direction. As shown in Figure 3 for other nanotubes, it is found that M reversal processes start from both ends of nanotubes and from the side toward outside. To clearly state this point, the magnetization distributions (L = 1000 nm) indicated by a color legend are shown in Figure 4 . When demagnetizing the Co nanotube with a length of 400 nm along the x axis (i.e., H perpendicular to the long axis of nanotubes), the magnetization distributions at different stages (see D, E, F, G points shown in Figure 1(a) ) are shown in Figure 5 . It is clear that they are different from the ones shown in Figure 3 . When the magnetic field starts to reduce from the saturation point ("D" point in Fig. 1 ), all magnetic moments are aligned to the +x direction, see Figure 5 Fig. 1(b) ). As we have mentioned before, the total magnetic Gibbs free energy (E tot is composed of four parts. It is important to know how the total energy changes during the reversal process, and which energy component plays a major role. As shown in Figures 6(a and b) , the variations of E tot of a nanotube with the length of 400 nm are completely different for H along the z axis and along the x axis. For H along the z axis, it is clear that E tot increases with decreasing magnetic field, and at a critical point (where the magnetic moments suddenly flip their directions, see the M z /M s vs. H curve) E tot drops to a value, and then decreases with increasing the magnetic field. However, for H along the x axis, the variation of E tot is smooth and is in a parabolic shape. It reaches its maximum value at zero field (where M z is equal to 0). Similar results are also found for other nanotubes. Among four energy components, it is found that the Zeeman energy makes a majority contribution to the total energy. The differences in E tot observed in Figure 6 are believed decide the different reversal processes of magnetization. For the case in Figure 6 (a), the magnetization are aligned to the +z direction, only when the opposite magnetic field reach a critical point, and E tot abruptly changes its value which results in sudden flips of magnetization. However, in the case shown in Figure 6 (b), the total energy is gradually changing their values. Consequently, magnetic moments gradually change their directions into the opposite directions.
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CONCLUSIONS
In this paper, we have shown that micromagnetism simulation can be used to model the magnetization reversal processes of Co nanotubes with different lengths. Finite element method is used to spatially discretize the nanotubes. The simulation results show that the magnetization reversal processes are different for applying magnetic field along the long axis (z axis) and the short axis (x axis). The nanotubes show very strong anisotropic behaviors: the magnetic hysteresis loops show that the easy axis is the long axis. In this direction, the coercivity values are dependent on the length of nanotubes. The magnetization reversal processes start from the inner walls of nanotubes with a length of 400 nm. While they start from both ends of nanotubes and from the inside to the outside for other nanotubes (L = 600, 800 and 1000 nm). However, when H is applied along the x axis, no hysteresis phenomena have been observed for all nanotubes, and their magnetization reversals proceed in a "helix" manner. The total magnetic Gibbs free energy has been calculated to support the observed different reversal manners.
